Introduction: Scapholunate instability is commonly caused by a fall on an outstretched hand resulting in structural pathology and pain. In recent years, dynamic stability mechanisms have been described that may aid in the non-operative management of this patient group. Limited evidence exists regarding the clinical application of stability mechanisms for scapholunate instability, and there is a void of reproducible structured exercise regimes. Method: A service evaluation was conducted over 16 months to assess patient outcomes following an evidence-based treatment protocol in the conservative management of stage one scapholunate instability. Pain-free grip, maximal grip, grip strength ratio, Euro-Qol five dimensions questionnaire (EQ-5D), Visual Analogue Scale (VAS) and Quick Disability of Arm, Shoulder and Hand questionnaire (Quick-DASH) scores were compared between baseline and final follow-up. Results: Six consecutive patients (seven wrists) were included with five patients (six wrists) completing treatment. Mean grip strength ratio improved by 45%, mean VAS improved by 5.5 points, mean Quick-DASH improved by 33.96% and EQ-5D improved by 0.187 quality-adjusted life years. Where established, all outcomes exceeded minimal clinically important difference values. Discussion: The Birmingham Wrist Instability Programme can yield clinically important results for patients with stage one scapholunate instability in the short term based on a small service evaluation. The findings support the need for further research to evaluate the rehabilitation programme in a larger group of patients over the longer term.
Introduction
Scapholunate (SL) instability or SL dissociation are commonly used terms to describe the most frequent type of wrist instability 1 resulting from injury or hypermobility of the SL ligaments. 2 SL instability can be asymptomatic. 3 Symptomatic individuals can report radial dorsal wrist pain, feelings of clicking, catching and pain or weakness with loading the wrist. 4 Most SL instabilities result from an initial trauma and have been classified into six stages within the literature 5 (Table 1) . However, within the literature 1, 6, 7 terminology, definitions and classification are at times inconsistent.
Traditionally, surgical management has been the mainstay of treatment and includes direct repair, capsulodesis, tendon reconstructions and fusions. 5 Suggested surgical management of stage one SL instability includes arthroscopic debridement, electrothermal shrinkage, K-wire fixation and dorsal capsulodesis. Though, most surgical interventions are indicated for stages two to six SL instability. 5, [8] [9] [10] More recently, it has been recommended that stage one SL instability is managed via therapy and splinting. 1 However, best practice is not established as published studies evaluating rehabilitation methods are limited. A small study of five patients reviewed the nonoperative management of SL instability with a Dart Throwing Motion (DTM) orthotic and proprioceptive exercise programme, with average follow-up of 48 months. 11 Although, a significant limitation of this study was lack of pre-treatment scores for comparison, post-treatment outcomes indicated minimal disability and close to normal function. This provides an indication that a structured rehabilitation programme and splinting can be successful in the conservative management of SL instability.
Kinematics of the carpals: Normal and abnormal
The complex mechanisms of how the wrist absorbs and transfers load and the contribution of the bony architecture and the ligamentous attachments to maintain normal motion continues to be debated. Several theories have been postulated and summarised in the literature. [12] [13] [14] A brief overview is given in this paper and readers are directed elsewhere for further reading. 15 In normal wrists during flexion and extension, the scaphoid and lunate follow the motion of capitate and are fairly uniform across the population between 60 flexion and 60 extension. 16 In relation to the lunate, during wrist flexion, the scaphoid flexes and pronates slightly, while during wrist extension, the scaphoid extends and supinates. The lunate moves similarly to the scaphoid but to a lesser amount. 17 During radioulnar deviation, the scaphoid and lunate rotate into flexion and radial deviation, while during ulnar deviation, the scaphoid and lunate extend and rotate ulnarly. 17 During axial loading of a stable wrist, the long muscles in the forearm act on the metacarpals and then in turn on the distal carpal row to compress the proximal carpal row into the radius and ulna/triangular fibrocartilage complex. This force can be up to 10 times greater than the gripping force at the finger tips. 14 During this compression, due to the scaphoid's oblique alignment, it reacts by rotating into flexion and pronation. With continuing scaphoid flexion and pronation, the trapezium is pulled into a palmar direction, forcing the distal row to pronate. As the distal row pronates, the helicoid articulation with between the hamate and triquetrum forces the triquetrum into extension. This creates a torsional force across the intact interosseous ligament and lunate bone, achieving carpus stability. If the scapholunate interosseous ligament (SLIL) is not functional, the scaphoid may fall into further flexion and pronation and the lunate will extend with the triquetrum as the secondary stabilising ligaments, including the scaphotrapeziotrapezoidal and dorsal radiocarpal ligaments, attenuate. This can progress to a dorsal intercalated segment instability (DISI). 2, 14 
Rationale for rehabilitation exercises
In recent years, the limitations of static stability theories, including, 'row', 'column' and 'oval ring theory', [12] [13] [14] [15] and the importance of neuromuscular control has been acknowledged within the literature. 2 The SLIL has been shown to be richly innervated by mechanoreceptors. 15 These provide input for complex fast monosynaptic reflexes, which produce activation of antagonist muscles, Extensor Carpi Radialis Longus (ECRL), Flexor Carpi Radialis (FCR) and Abductor Pollicis Longus (APL) and inhibition of Extensor Carpi Ulnaris (ECU). Slower polysynaptic reflexes that cause co-contraction of all muscle groups which provide dynamic wrist stability are also present. 16 The complex conscious and unconscious proprioceptive mechanisms have been well documented in the literature, [17] [18] [19] and readers are guided to this for full summary of the proprioceptive mechanisms that contribute to the dynamic control of the wrist complex, as this is beyond the scope of this paper.
Relating these muscles' actions to the SLIL and their potential protection to the SLIL after rehabilitation is key. In recent years, several cadaveric studies have reviewed the effect of muscle activation on carpal kinematics in stable and unstable wrists. [18] [19] [20] [21] Current research suggests that tendon loading should be concentrated on FCR, ECRL and APL muscles. 21, 22 In SLIL complex injured wrists, isolated isometric contraction of the ECRL and APL can create a supination moment on the scaphoid. This may be protective to the dorsal SLIL, as this force rotates the scaphoid into a better approximation with the lunate. An isolated isometric contraction of FCR can create an overall supination moment on the scaphoid, while also pronating the triquetrum, potentially creating an even greater protective effect for the SLIL. With this knowledge, focussed isometric strengthening of APL, ECRL and FCR should be an aim of rehabilitation. 21 Rehabilitation should avoid recruiting scaphoid pronating muscles (ECU) and Flexor Carpi Ulnaris (FCU) due to the Complete disruption with irreparable ligament and reducible rotary subluxation of the scaphoid 5
Complete disruption with irreducible malalignment and intact cartilage 6
Chronic SLIL disruption with cartilage loss tendency (of FCU) to force the maximum cubital inclination of the scaphoid, as these may increase the SL gap. 21 Proprioceptive rehabilitation, including joint position sense, kinaesthesia, conscious and unconscious neuromuscular control exercises are considered to help restore wrist stability. 11, [22] [23] [24] [25] [26] Proprioceptive training has been shown to improve functional stability at other joints. 27, 28 Powerball Õ (gyroscope) exercises have also been suggested to improve the dynamic control of the wrist. A small study of healthy subjects (n ¼ 10) showed a significant increase in muscular endurance (p ¼ 0.00001) following four weeks of twice daily Powerball Õ training. Endurance was assessed via alternate periods of 3 s of maximal contraction with 3 s of relaxation until the digital reading was equivalent to 40% of the maximum grip force determined earlier. The number of contractions above that level was used as an expression of muscular endurance of each individual. 29 The authors argue Powerball Õ is justified in proprioceptive-deficient patients because the random multidirectional forces and reactive muscle contractions generated improve wrist neuromuscular control. 29 DTM exercises had been proposed as a suitable early exercise for SLIL rehabilitation as it utilises ECRL and FCU while avoiding potentially harmful ECU contractions. 23 A recent 4D CT reviewed DTM in wrists with (n ¼ 6) and without (n ¼ 6) SL instability. In the normal wrists, the scaphoid and lunate did not flex or extend. In contrast when the SL ligaments were dissected, DTM induced an SL gap and therefore was not recommended for SL rehabilitation unless the joint is stabilised by K-wires or screws. 30 Forearm pronation has also been shown to increase carpal load in cadavers. Consequently, it has been suggested that rehabilitation should be started in supination with individuals with a 'fresh' carpal injury. 31 This paper presents the outcomes of 'The Birmingham Wrist Instability Programme' an agreed, evidence-based, pragmatic approach to the rehabilitation of stage one SL instability in a regional upper limb unit (Birmingham Hand Centre).
Methods
The 'Birmingham Wrist Instability Programme' was designed to incorporate all the evidence discussed previously regarding biomechanics and training principles including tendon loading, proprioception and plyometric, within a target-driven exercise regime. The rehabilitation programme is summarised in Table 2 . Isometric exercises with a resistance band were initially prescribed at three sets of eight repetitions at alternate days, to maximise strength endurance, work capacity of the specific muscle, maximise training effect and ensure adequate rest periods in early training. 32 Exercise progression through the three stages of the rehabilitation pathway: (1) conscious control and isometric loading;
(2) unconscious control; 'wrist balance' (low load) (3) unconscious control; 'Wrist balance' and Conditioning (high load). Progress is guided by symptom response, clinical reasoning and meeting defined criteria at the end of each stage. This is reassessed by the physiotherapist at each follow-up appointment. Examples of exercises are shown in Figures 1 to 4 . Patients may not need to progress through to end stage if functional requirements do not necessitate this. The length of time between appointments is variable and agreed between patient and therapist based on pragmatic expectations of the patient. The overall length of treatment varies dependent on patient goals, symptoms and ability to self-manage. This target led, pragmatic approach reflects everyday practice and is patient centred.
A service evaluation was undertaken at the Birmingham Hand Centre (University Hospitals Birmingham NHS Foundation Trust) to include adult patients clinically diagnosed by a consultant with stage one SL instability (with or without evidence of SL injury on MRI) and referred to the Upper Limb Therapy Department between November 2014 and March 2016. All patients were assessed clinically by one of two experienced musculoskeletal physiotherapists (MKH/ST) working within the Upper Limb Therapy Department. Patients were excluded from data collection if they were unable to participate in strengthening programme, had pre-existing hand/wrist pathology, including presence of OA and RA, had a diagnosis of mid-carpal instability, complete tear of carpal ligaments on MRI or had acute wrist/hand fractures. At the initial physiotherapy assessment, if any of the criteria were not met, then patients were excluded from data collection and given standard physiotherapy care as appropriate.
Outcomes
Patients completed measures of the wrist, pain function and stability using the Quick Disability of Arm, Shoulder and Hand questionnaire (Quick-DASH), Euro-Qol Five Dimension Questionnaire, Pain levels via Visual Analogue Score (VAS), pain-free grip (PFG) and maximal grip strength (MGS) via Jamar Dynamometer (BASELINE by Fabrication enterprises INC, New York), at the start and end of treatment.
Quick-DASH. The Quick-DASH is an 11-item questionnaire which has been shown to be a valid patientreported measure of arm-specific disability. 33 It is scored between 0 and 100, with 0 indicating a perfect score for a normal arm. It has an established minimal wall press up Progress load / surface Powerball Õ (Figure 3) Early weight acceptance and proprioceptive challenge. clinically important difference (MCID) of 14 within the wrist population 33 and has been highly correlated with DASH scores 34 and grip strength ratio (GSR). 35 EQ-5D. The EQ-5D comprises five dimensions of health: mobility, ability to self-care, ability to undertake usual activities, pain and discomfort and anxiety and depression for measuring health-related quality of life. Patients are asked to rate their health state by ticking a box indicating the most appropriate statement in each of the five dimensions. This creates a 1-digit number (1-5) expressing the level selected for that dimension. The scores for the five dimensions can be combined in a five-digit number describing the respondent's health state but have no arithmetic properties and should not be used as a cardinal score. This five digit number facilitates the calculation of quality-adjusted life years (QALYs) that are used to inform economic evaluations of healthcare interventions. 36 The EQ5D has been shown to have sufficient construct validity, predictive validity and responsiveness for patients with limb injuries. 37 MCID has been established within non-surgical musculoskeletal patients as 0.05. 38 VAS. Pain levels measured by VAS is a common outcome measure used in musculoskeletal medicine research. 39 VAS is an 11-point scale, where 0 indicates 'no pain' and 10 indicates 'most pain'. It has been shown to have merit in showing change in pain over time in an individual patient and good inter-rater reliability. 40 MCID has been established in upper limb patients as 1.37. 41 Grip strength. Grip strength was tested via Jamar Dynamometer (BASELINE by Fabrication enterprises INC, New York) in a standardised seated functional position as described in the literature. 42 Position 2 on the Jamar was used with all patients, as it has been shown to be the most commonly used and consistent position. 43 One MGS has been shown to be as reliable as both 'best of' and 'mean' of three trials and was therefore chosen to minimise discomfort for patients. 44 MGS via Jamar has been widely used within wrist research as a functional outcome measure. 45 Measurements of MGS taken with a Jamar dynamometer have evidence for good to excellent test-retest reproducibility and excellent inter-rater reliability, 43 and MCID has been established as 6.5 kg. 46 PFG is used to measure the amount of force that the patient generates up to the onset of pain; when there is no pain, the test result could be regarded as maximum grip strength. 47 PFG has been shown in other areas of upper limb pathology where gripping exacerbates symptoms as a useful measure of functional improvement. 48 Grip measures can be affected by personal factors such as height, BMI and handedness. 35 To minimise these personal factors influencing grip strength, grip measurement in the injured hand can be used to produce a GSR (grip strength in the injured hand divided by grip strength in the non-injured). 35 GSR has been used to evaluate function and symptoms in SL instability within the literature. 9,10,35 GSR MCID has been established in wrist pathologies as 19%. 46 
Ethics
Ethical approval was not required because this was a service evaluation of current treatment practice.
Results
Nine patients (wrists ¼ 10) were evaluated over a 16month period; however, three patients were excluded following physiotherapy assessment due to previous wrist surgery (modified Brunelli) (n ¼ 1), evidence of rheumatological disease (n ¼ 1) or an inability to participate in strengthening programme (n ¼ 1) and received other generic physiotherapy care. One patient (patient 4) failed to complete treatment. Therefore, the results and analysis are based on the five patients (six wrists) who completed treatment. The mean age was 31 years (range: 17-51 years, SD: 11.43) and included three males and two females. All patients except patient 5 had confirmation of a partial SLIL injury on MRI.
Patient 5 was included due to positive clinical examination, including positive Watson test (pain) and SL Ballottement test (pain and laxity) and referrer's clinical diagnosis. The mean duration of symptoms was 6.2 months (range: 2-18 months). The mean number of treatment sessions was 8.6 appointments. All patients would be classified as a stage one SL instability (Table 1 ). 5 One patient was a manual worker, while one was an art student and one national level rower. Patient's demographics are summarised in Table 3 .
All individual outcome measures demonstrate a clinical improvement for all patients who completed treatment (Tables 4 to 7) . Where established, all mean outcomes demonstrated an improvement greater than the outcomes MCID (Table 8 ). Mean Quick-DASH scores demonstrated a 33.96% reduction in disability; mean EQ-5D demonstrated an improvement in 0.187 QALYs; mean VAS reduced by 5.5; MGS improved by 11.5 kg and mean PFG improved by 22 kg. GSR was unable to be calculated for patient 1 due to bilateral symptoms, and patient was therefore excluded in data calculation for mean GSR. All other patients had unilateral pathology. Mean GSR improved by 45%.
Discussion
This service evaluation is the first to use a standardised standalone exercise regime using patient-reported outcome measures in the stage one SL instability patient population. It is a regime that is reproducible because each stage is fully described and has clear criteria for progression. All six wrists that completed treatment demonstrated a clinically important difference in all outcome measures, except PFG, where, to the author's knowledge, there is currently no established MCID. Due to the paucity of published rehabilitation regimes the 'The Birmingham Wrist Instability Programme' could be used as a starting point for therapists rehabilitating stage one SL instability. Our recruitment was six patients in 16 months (¼0.375 per month) compared to Anderson and Hoy, 11 who recruited 5 patients over a 60-month period (¼0.08 per month). However, Anderson and Hoy study recruited from a single private practice, whereas our own study recruited from an NHS regional upper limb unit. This may reduce the external validity of Anderson and Hoy 11 when referencing to trauma hospitals or our own study to other healthcare systems. There may be difficulties in conducting a large-scale clinical trial for this patient group due to it being relatively rare presentation, requiring specialist services.
The level of compliance with the exercise programme was not formally measured, and this is a limitation of the study. However, patients demonstrated the taught exercises well throughout treatment and only one patient (patient 4) was lost to follow-up. Patient 4 was the only non-traumatic injury within the study. They reported a five-month history of dorsal wrist pain of unclear aetiology but denied trauma. MRI showed a partial tear of the SLIL. Attempts were made to contact patient 4 via telephone and letter to investigate failure to complete, but this was unsuccessful. Four patients completed the whole programme (patients 2, 3, 5, 6), as they had higher level rehabilitation demands, e.g. sport, art or manual work. The other patients did not progress to plyometric exercise, as they reported no functional difficulties and had lower functional occupations or hobbies. Most patients attended physiotherapy within a few months of injury, except patient 5 who was referred at 18 months' post-injury via Accident and Emergency. Patient 5's MGS did not clinically change; PFG and functional measures did improve, indicating that pain was the predominant problem for this patient.
The suggested surgical management of patients with stage one SL instability varies to include arthroscopic debridement, electrothermal shrinkage, K-wire fixation and dorsal capsulodesis. In a study of 43 wrists, arthroscopic debridement has been shown to be successful, with complete resolution or occasional symptoms in 85% of patients with partial SL tears. Post-operative improvement in grip of 23% was also recorded at 23month follow-up. 8 Another study combined arthroscopic debridement with thermal shrinkage in 16 wrists and showed restoration of 78% of grip strength at 19-month follow-up. Several studies have reviewed the effectiveness of capsulodesis. 9 Moran et al. 10 reviewed the outcomes of 14 wrists post-capsulodesis and reported a restoration of 91% grip strength to the non-affected side at an average of 38-month follow-up. In comparison, our service evaluation shows an average change of 45% GSR and average restoration of 128% compared to the non-affected side. However, making gross comparisons to these surgical studies is difficult due to heterogeneity of outcome measures used and longer follow-up rates than our own study and should therefore be done with caution.
Comparison of our outcomes with other rehabilitation strategies for this population is difficult due to the paucity of research in this area. Anderson and Hoy 11 reviewed the conservative management of five patients with SL instability using a DTM orthotic and proprioceptive exercise programme. The patient population was similar to this study, but average follow-up was longer at 48 months. Outcomes included DASH, Patient Rated Wrist Evaluation, range of motion, VAS and maximal grip. Direct comparison of results is difficult due to small study numbers, heterogeneity of outcomes used and lack of pre-treatment data in Anderson and Hoy 11 paper. However, in both studies, symptoms were improved following rehabilitation, VAS scores are comparable and outcomes measures demonstrated low levels of ongoing disability. These findings therefore suggest that low level (stage one) SL instability can be successfully managed conservatively in the short to medium term. As results were maintained in the Anderson and Hoy 11 study at 12 months and initial results are similar to this study, it is suggestive that the rehabilitative exercise programme may have a greater weighting in treatment than the DTM orthotic, as orthotics are unlikely to be effective once removed. This would also be more cost-effective in the management of this patient group.
It was observed that patients initially fixed through the fingers when completing the isometric exercises with a resistance band (Figures 1 to 2) and needed coaching to complete correctly. Patients used either light or medium resistance band (yellow or red). Typically, patients improved their ability to perform the exercises, but did not have a dramatic change in symptoms until they had completed 'conscious control and isometric loading' stages of rehabilitation and could maintain neutral wrist position at end of range extension against resistance. This was also the time, where most patients could comfortably progress to weight-bearing exercise.
Formal investigation as to why this programme produced clinically important results is beyond the scope of this service evaluation. However, given the cadaveric work discussed previously, 21, 22 isometric exercises of scaphoid supinating muscles, ECRL, APL, FCR may reduce the SL gap and provide greater wrist stability. These exercises were progressed into full wrist extension to improve position specific strength endurance in this position of stress ( Figure 2 , Table 2 ). However, this simplistic biomechanical view of rehabilitation may underestimate other aspects of the rehabilitation programme including the potential changes in conscious and unconscious proprioceptive mechanisms, strength and conditioning and patient confidence. Electromyogram investigations of the validity of the specific tendon loading exercises used within 'The Birmingham Wrist Instability Programme' may provide further information on why this programme delivers clinically relevant results. Within the programme (Table 2) , exercise load and complexity were progressed along sound exercise prescription theory. 32, 49 Some patients found starting the Powerball Õ difficult and used 'auto-start' models. All patients purchased their own Powerball Õ for use at home. Some patients completed exercises at gyms or modified the exercises for simpler equipment to complete at home, e.g. unsteady surface. This increases the accessibility of the rehabilitation programme.
Limitations of this study include a small sample size and short follow-up period. All patients were treated by one of two senior clinicians (MKH/ST). The lack of MRI for one patient may have led to incorrect classification of SL grades. However, overall diagnosis can be established on clinical examination and none of the patients within the study had planned surgical intervention. A control group design was beyond the scope of this service evaluation and is a limitation of the study. Due to this, natural resolution of symptoms cannot be completely discounted. However, due to the duration of symptoms reported by patients and the acknowledged pathology within the literature, the authors believe this is unlikely.
Conclusions
The 'Birmingham Wrist instability Programme' can yield clinically important results for patients with stage one SL instability 5 in the short term based on a small service evaluation. However, SL instability is a condition that requires long-term management and so these results should be interpreted with caution. The programme is reproducible, achieved high level of compliance among patients and provides a structured rehabilitation guide to those patients who surgery would not be the initial management. The results from this small study can be used to inform a larger scale prospective trial to assess the results of this regime, using a control group, multiple therapists and a longer follow-up period.
